Abstract: An integrated full-field reservoir simulation study has been performed to determine the reservoir management and production strategies in a mature sandstone reservoir. The reservoir is a candidate for an enhanced oil recovery process or otherwise subject to abandonment. Based on its charateristics, the reservoir was found to be most suited for a surfactant/polymer (SP) flood. The study started with a large data gathering and the building of a full-field three-dimensional geological model. Subsequently, a full field simulation model was built and used to history match the water flood. The history match of the water flood emphasizes the areas with remaining high oil saturations, establishes the initial condition of the reservoir for an SP flood, and generates a forecast of reserves for continued water flood operations. A sector model was constructed from the full field model and then used to study different design parameters to maximize the project profitability from the SP flood. An economic model, based on the estimated recovery, residual oil in-place, oil price, and operating costs, has been implemented in order to optimize the project profitability. The study resulted in the selection of surfactant and polymer concentrations and slug size that yielded the best economic returns when applied in this reservoir. The study shows that, in today's oil prices, surfactant/polymer flood when applied in this reservoir has increased the ultimate oil recovery and provide a significant financial returns.
Introduction
With the current growing worldwide demand for oil led by major energy consuming countries such as China and India, securing new oil resources is a critical challenge for the oil industry. Adding new oil resources can be achieved by finding new discoveries or by enhancing oil production from current resources. The cost associated with the first option is significant since the new resources are expected to occur in challenging environments such as deep formations or deep water. Therefore, reservoir management teams all over the world will have to deliver this increase mainly through enahanced oil recovery processes.
Most of the world's giant fields are in an advance state of completion from conventional production processes, such as primary production and water flooding. Because of their high potential for recovering more oil from a reservoir, Enhanced Oil Recovery (EOR) processes have been studied and field tested for many years. EOR processes involve the displacement of one fluid by another in a heterogeneous reservoir. EOR processes include thermal, miscible, and chemical methods. Thermal methods add heat to the reservoir, while miscible methods involve the injection of solvents (e.g., carbon dioxide, light hydrocarbons, nitrogen) that will mix with the reservoir oil to increase its mobility. Chemical EOR methods add chemicals to the injected water to reduce the interfacial tensions or create a favorable mobility ratio in order to improve the sweep efficiency of the displacement. Most chemical EOR projects have used polymer with surfactant for mobility control, and in recent years many of the projects have combined alkaline agents with the surfactant and polymer solutions. Surfactants are capable of reducing residual oil saturation to very low values approaching zero in the swept volume of an oil reservoir.
Despite the significant research and pilot tests that were conducted in the 1980s, the full commercial implementation of chemical EOR where injectants are costly still faces several technical and economical challenges. First, because of the high chemical costs, the availability of good engineering for targeted placement of injectants is critical for a chemical flood. The extremely efficient use of these chemicals along with better understanding of the mechanisms of oil displacements play an important role for the successful execution of a project. The development of novel molecules and better understandings of the physico-chemical conditions in the porous media still remain issues facing petroleum engineers. In addition, the geological complexities and heterogeneities in many reservoirs and the robustness of reservoir characterization methods of unknown subsurface conditions continue to be an important challenge. Finally, the shortcomings in the current scale-up methodologies along with the potential problems in well and surface facilities caused by the formation of undesired emulsion or precipitates can make or break a project. Because of these challenges, the high cost of chemicals and the complexity and uncertainty of the process, good management and production strategies are necessary for good project economics.
The steps involved in the implementation of any EOR project in a given reservoir are: (1) selection of a suitable EOR process, (2) performance prediction of the EOR process, and (3) design optimization of the EOR process. The selection of an EOR process for a given field can be made based on the reservoir characteristics [1] [2] [3] [4] [5] . However, the process performance of a particular design and the costs associated with it should be estimated before a decision can be made to invest large amount of money to conduct such process in the field [6, 7] . Several methods are used to estimate the process performance. These include: laboratory experiments, analytical calculations, correlations, and numerical simulation techniques. The latter is the most common approach to estimate the oil recovery by an EOR process. The method involves the use of fine-mesh or high-resolution numerical models. In recent years, this approach has been the subject of much study due to the availability of large and fast computers [8] [9] [10] [11] [12] . This is the method used in this study.
Through integrated full-field reservoir simulations, this study investigates the application of a chemical flood application in a Middle Eastern sandstone reservoir that was discovered in 1973. Water flood operations started in 1989. With the water flood approaching its economic limits, the reservoir nowadays is a potential candidate for an enhanced oil recovery process, or otherwise it would be slated for abandonment. On the basis of its characteristics, the reservoir has been found to be most suited for surfactant/polymer flood process [1] . The surfactant/polymer injection is sometimes referred to as low tension polymer flooding. In surfactant/polymer flood, 0.1% to 2% of surfactant are added to the injected water in order to reduce the oil-water interfacial tension. Polymer is added for mobility control (increase solution viscosity) to help overcome the viscous instability in low interfacial tension displacement. A 20% to 40% pore volumes (PV) of this solution is first injected into the reservoir followed by the same volume of polymer flush. In today's oil prices, surfactant/polymer flood may provide increased ultimate oil recovery and significant financial returns when applied into a candidate reservoir. The purpose of this paper is to define the new management and production strategies through integrated reservoir simulation studies in order to optimize the economic returns from the selected recovery method. The results will be a necessary step that comes before conducting a pilot test and then full field implementation.
Optimization Methodology
In order to develop the full-field history-matched model, the following stages of studies were conducted: (1) a comprehensive data collection was performed in order to develop a fully operational three-dimensional full field model, (2) the model was validated by history matching the reservoir production data, and (3) the validated model was used to manage the remaining hydrocarbons. Since the purpose of the study was to design a surfactant/polymer flood with optimum profitability, steps (1) and (2) above involving the data collection and the development of the full-field history-matched model are not discussed here.
After constructing and validating the full-field history-matched model, a sector model of the reservoir was contructed in order to define the new management and production strategies under which surfactant/polymer flood in this reservoir may yield optimum project profitability. The full-field model estimated the residual oil saturation from water flood and provided an input for the design of surfactant/polymer flood. In the petroleum industry, small sector models have traditionally been used as a small replica of the full field models to test the effectiveness of new production strategies before they are tried in the field. Sector models provide means to perform extensive simulation runs with reasonable CPU time. Several reservoir and operating parameters are varied to find out their effect of the project economics of surfactant/polymer flood. The production data obtained from each simulation run were imported into an economic model in order to evaluate the project profitability of a particular design.
Project profitability measures were used as the decision-making variables in an iterative approach to optimize the design. The economic model required the following variables: (1) time (years), (2) pore volumes injected, (3) cumulative oil recovery, and (4) total fluid production (bbls). Discounted-cash-flow analysis was used to economically evaluate each design. The optimization process for surfactant/polymer flood followed in this study is shown schematically in Figure 1 . The optimum design was determined by keeping the polymer and surfactant concentrations constant while varying the slug size. The result was an optimum slug size for a given polymer and surfactant concentrations. Optimizing the slug size was repeated for different surfactant concentrations until an optimum concentration was also reached. In this study, the surfactant Optimum Design concentration was set to vary from 0.05 vol.% to 0.50 vol.% with an increment of 0.05 vol.%. The polymer concentration was fixed at 0.08 wt.% (800 ppm) for these runs. The optimization process is then repeated for different polymer concentrations until an optimum polymer concentration was also achieved. The polymer concentration was varied from 0.04 wt.% (400 ppm) to 0.40 wt.% (4000 ppm) with an increment of 0.04 wt.%. The optimization process uses the advantages provided by horizontal wells over vertical wells. Previous work has shown that the use of horizontal injector in conjunction with a vertical producer can improve the sweep efficiency and the project life of miscible and immiscible EOR processes [13] [14] [15] . Therefore, all simulations performed during the optimization process are done using a horizontal injector in combination with a vertical producer. The costs associated with converting vertical wells to horizontal wells are included in the economic analysis.
Despite achieving the optimum design in the previous step, there is still considerable uncertainty associated with the economic success of the project. There is a large number of variables that can affect the outcome of an EOR process and it is difficult to include all of them in an economic model. In addition, the production data obtained from simulations strongly depend on several parameters used in the reservoir description. Sensitivity analysis is the most common method for studying the economic uncertainty of an EOR process. Once the optimum design is achieved, further investigations are needed to study the effect of some variables on the profitability of the project. Such variables may include crude oil price, reservoir description, chemical costs, and operating costs.
Economic Model
An EOR project is not considered successful if it is not profitable, even though technically the oil recovery is improved. EOR processes are long term projects with profit depending strongly on the oil prices. During the project life, the oil price may change significantly, making a long term prediction of the profit of an EOR project difficult. However, in the short term, the project cost and the profit can be predictable. The method of analysis used in this study permitted us to know under what conditions at current oil prices, surfactant/polymer flood application in this reservoir might be profitable if optimized using current oil field technologies.
A detailed economic model was developed using the discounted-cash-flow (DCF) method of economic analysis in order to optimize the design of the selected EOR process. This method of investment analysis is used extensively in the petroleum industry by several oil companies [16] . The measures used in the economic model for profitability are the net present value (NPV) and internal rate of return (IRR). These profitability measures were calculated using the constant-dollar net cash flows until an economic limit was reached, which is defined as the production rate when EOR production costs exceed revenue from production [17] . EOR production costs include: (1) startup costs, (2) operating costs, and (3) temporarily fixed costs. The startup costs include pipeline and injection and separation equipment. Operating costs are the costs that relate to production and injection, energy or chemical consumption. Temporarily fixed costs are costs that are fixed over a short time but can be subject to change in the long term such as overhead, taxes, royalty and insurance. Oil price and operating costs were assumed to increase at an inflation rate of 3% per annum. A real discount rate of 10% (nominal 13%) was used in the economic model. Bradley and Wood [18] have defined three basic methods for predicting future operating costs. These are: (1) fixed cost per barrel, (2) fixed cost per well and (3) fixed cost per platform. Wells which are producing high water cuts from a secondary or tertiary chemical flood have high lifting cost per barrel of oil. A fixed cost per well is not suitable to EOR processes because the costs would then be independent of fluid rates and time. In the economic model, a fixed cost per barrel of fluid was used to estimate the direct operating costs. The overhead cost (indirect operating costs) associated with administrating and managing the project was assumed to be 20% of the direct operating costs.
Reservoir Management Strategies
The full-field history-matched model is used as the initial condition to develop the reservoir management strategies in order to economically optimize the remaining oil reserves. The management strategies involved two tasks: (1) determining a suitable EOR process for this reservoir, and (2) investigating several development and design parameters to optimize the oil recovery using the selected EOR process.
EOR Selection
The reservoir is a light oil sandstone reservoir (31° API), that is, a typical Middle Eastern reservoir. Table 1 summarizes the properties of this reservoir. The reservoir, producing from a formation at an average depth of 3800 ft, is primarily a (dome shaped) structural trap. From a structural viewpoint, the reservoir is formed by a northwestern dipping monocline of Carboniferous age sandstone. The reservoir thickness averages 150 ft and ranges to a maximum of 375 ft. The reservoir rock has good to excellent petrophysical properties, with core porosities of the sand units ranging from 15 to 22% and permeabilities from 250 to 550 md. The sandstone reservoir contained very little clays (1% to 8%), mainly composed of kaolinte, and a low chloride concentration existed in the formation water. These properties make the use of surfactant flooding very feasible. The reservoir was assumed to have already been produced to its economic limit by water flooding and is a potential candidate for a surfactant flood. Most chemical EOR projects have used polymer with surfactant for mobility control. Therefore, this study investigates the profitability of using surfactant/polymer flood is this reservoir.
Sector Model and EOR Process Optimization
To accomplish task (2) of the reservoir management strategies, a number of simulation runs were performed. In order to reduce the CPU time, a reservoir sector model was construced from the full field model on which these simulation runs will be performed. The use of a small sector model provides means for performing large number of runs with reasonable CPU time. The chemical flood reservoir simulator (UTCHEM) developed at The University of Texas at Austin was used during the course of this study. The simulator has been used for many years (from 1978 to present) by many oil companies and has been subjected to rigorous testing [19] . The simulator can handle multiple components which include water, oil, surfactant, polymer, anions, divalent cations, alcohol, tracers and gels.
The sector considered is a symmetric element of a line-drive pattern which has a well spacing of 10 acres. The porosities are directly taken from the geological maps. The 3-D permeability distribution was generated by a stochastic process with a geometric mean of 300 md. In accordance with sedimentary rocks, a log-normal permeability distribution and a spherical variogram were used. The total number of cells in this sector model is 135,520 representing a grid NX, NY, and NZ of 112, 55, and 22, respectively. The y-permeability values were assumed equal to the x-permeability values. Figure 2 shows the x-permeability maps of the reservoir sector model. A constant value of 0.10 was used for the vertical to horizontal permeability ratio (k v /k h ) throughout the grid blocks. Simulation runs were performed on the reservoir sector model to determine under which design scenarios surfactant/polymer flood may yield better economics. As mentioned earlier, the measures used in the economic model for profitability are the net present value (NPV) and internal rate of return (IRR). The answer to these issues is the key to economically apply the selected EOR process. Table 2 lists the economic assumptions used in this study. Sensitivities of chemical slug size, optimum polymer and surfactant concentrations on reservoir performance were considered. Except for these variables, all other parameter in the model were maintained the same for all runs. These include the relative permeability and the capillary pressure curves. All the simulation runs were carried out until an economic limit is reached. The chemical slug was injected at a constant rate of 2500 b/d containing different surfactant and polymer concentrations. The slug was followed by a polymer drive for mobility control and finally just water drive. The critical micelle concentration was set at 0.00007 volume fraction. This makes the surfactant effective at very low concentration. Table 3 summarizes the results obtained at the end of the economic optimization process. The table lists only 24 designs representing a subset of all simulation runs. As indicated in Table 3 , Runs 1 to 23 are performed using a constant polymer concentration of 800 ppm. Run 24 represents the optimum design, which was achieved at a surfactant concentration of 0.15 vol.%, a slug size of 1.20 PV, and polymer concentration of 2800 ppm. This case yielded an economic limit of 14 years. The economic limit for each of the design varied between 9 and 16 years. It should be noted that the project life is short due to the use of a horizontal injector. If a fixed project life was used instead, designs that were more efficient would probably be inefficient because of the late negative cash flows, which will affect the economic success of the project. As shown, the optimum case has an NPV of $340 million, with an IRR of 35.21%, which is considered very attractive.The variation of NPV with the amount of surfactant used is shown in Figure 3 for a a polymer concentration of 2800 ppm. As shown, the project profitability varies significantly for different surfactant concentrations. The best results were for the case of surfactant concentrations of 0.15 vol.%. Figure 4 shows the variation of NPV with polymer concentration using the optimum surfactant concentration of 0.15 vol.% and 1.20 PV. As shown, the optimum design which resulted in the highest NPV occurred at a polymer concentration of 2800 ppm. Therefore, the use of high concentration of polymer and low concentration of surfactant are beneficial for this reservoir. The investigation was further carried out to study the effect of some variables on the profitability of this chemical flood. A sensitivity analysis to two parameters affecting the economic success of the project was performed, namely the crude oil prices and the realization of the generated permeability field. Figure 5 shows the variation of NPV with the crude oil prices. The oil price was set to vary from $30/bbl to $90/bbl. As shown, the oil price is an important factor on the outcome of the project. The figure shows that, for this permeability realization, the application of a surfactant/polymer flood in this reservoir is profitable only when the oil price exceeds $42.
In order to reduce the uncertainty in these results, additional simulation runs were performed using other realizations of permeability distributions. Three other realizations were considered and compared to the optimum case obtained earlier (Figure 6 ). The difference in these curves shows the uncertainties in NPV associated with the generated permeability fields. As shown, the accuracy of the reservoir characterization method continue to play a challenge for the profitability of EOR projects. The crude oil price above which surfactant/polymer flood is profitable depends on the permeability realization. The cost ranges from $38 for realization # 1 to $50 for realization # 3. This uncertainty could be reduced by conditioning the permeability field with well data from any possible means. 
Conclusions
A full field model has been developed for a Middle Eastern sandstone reservoir. A sector model was then constructed and used to define the new management and production strategies. The project profitability and the economic limits for different design parameters were examined in order to optimize the remaining oil recovery from this reservoir using a suitable EOR method. The economic analysis is based on the estimated recovery, residual oil in-place, oil price, and operating costs. Based on this study, the following conclusions may be drawn:
1. The study suggested that, on the basis of its characteristics, the reservoir is most suited for a surfactant/polymer flood. 2. Based on sensitivity analysis and application of a discounted-cash-flow method to optimize the net present value of surfactant/polymer flood, the most economical design was achieved with a surfactant concentration of 0.15 vol.%, a chemical slug size of 1.20 PV, and a polymer concentration of 2800 ppm.
